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In the APRX, carrier phase estimation and tracking uses a Costas loop designed for QPSK signals [8, 15] . The detected phase error is accumulated and then filtered with a loop filter. The design and analysis of the Costas loop, including specification of loop filter, bandwidth, update rate and etc., is followed with well-developed methodology [17, 18] .
The data update rate of loop filter is one-sixteenth of that in the usual serial receiver, and consequently the performance of the second order digital phase-locked loop (DPLL) [6] is degraded in acquisition time, tracking range, or phase error response.
In this paper, the new design of parallel loop filter and NCO is presented. Based on the deduction of the loop filter and NCO in serial receiver, this new design makes the performance of carrier phase tracking loop being equivalent to that in serial receiver. Simulation results and potential applications are also discussed in this paper.
The carrier tracking loop in the APRX

2.1．Costas Loop for Carrier Phase Tracking
Carrier phase estimation [21] and tracking are performed in the APRX in a standard fashion [16, 17] , shown in Figure 1 . The double lines represent parallel signal paths. The in-phase and the quadrature components of the parallel arm filters are calculated to give the phase error by the phase detector, which may be accumulated and then filtered with a loop filter. It is input to the numerically controlled oscillator, which generates the phase reference used to downconvert the IF signal to baseband (in parallel). The noisy IF signal is filtered by bandpass filter and sampled by A/D converter to yield a digital signal with 4 samples per symbol. The digital signal is split into 32 parallel paths, decimated by 16, and passed through a digital mixer bank equal in frequency to that of the sampled IF carrier. The DFT of the 32 data point is then taken and multiplied by the DFT of the matched filter. In order to reject double frequency terms from mixing, lowpass filtering is performed by zeroing out the middle 16 components in the frequency domain, which correspond to the high-frequency terms. Finally, the IDFT is performed, and the middle 16 parallel outputs (which are unaliased and correspond to 4 symbol periods) are used for detection, tracking, etc. this process is repeated once every 16 A/D clock cycles.
Phase Detector
The limiters in Fig. 1 
Loop Filter and NCO
The coefficients 1 c and 2 c are the parameters of the loop filter. The equivalent second order analogue system with transfer function ( ) H S is considered [19] , where 
Where 1 , 2
, and  is the damping factor.
The tracking range is limited by / 2 f . In the APRX, the sampling frequency f of loop filter is one-sixteenth that in usual serial receiver. Hence the performance of DPLL is degraded for acquisition time, tracking range, phase error response, etc.
The NCO consists of adders, integrator, and lookup tables. The constant value c in Fig. 1 determines the central frequency of the DPLL.
The modified parallel loop filter and NCO
As a result of reduced data update rate, the performance of DPLL is degraded in parallel receiver. According to the theoretical derivation of usual loop filter (LPF) and NCO in serial receiver, a modified parallel design is presented in this paper.
In serial receiver, the loop filter is consistent with that in Fig. 1 [ ] x n x n c p n     (5) From equation (5), we can get
x n x n c p n p n x n x n c p n p n p n e n x n c p n c p n e n x n c p n c p n p n Thus, the usual serial loop filter is equivalent to the modified parallel loop filter based on equations (4) and (7). Compared with the usual loop filter in the APRX, the parallel loop filter has higher update rate and superior performance.
Similarly, the modified parallel NCO is also derived from the usual NCO. In the serial receiver, the NCO is consistent with that in Fig. 1 y n y n c e n e n y n y n c e n e n e n y n M y n M c e n e n M Thus, the usual serial NCO is equivalent to the modified parallel NCO based on equations (8) and (9) . By used the modified parallel loop filter and NCO in parallel receiver, the performance of carrier tracking loop (DPLL) is about equal to that in serial receiver.
Simulation results
For the uncoded QPSK APRX, the performance of the modified parallel loop filter and NCO is evaluated and compared to that of the usual serial loop filter and NCO via a software (Simulink of Matlab) simulation. fig. 1 , where the loop filter and NCO use serial and parallel designs respectively.
The symbol-timing recovery loop consists of interpolator, time error detector (TED), loop filter, and controller [20] . The cubic interpolator and Gardner TED are used, loop filter is similar to that of the carrier phase tracking loop, and controller is composed of NCO and compute fractional interval. The Gardner TED [22] algorithm is of the form The output of loop filter is shown in fig. 2 , wherein fig. 2 (a) is on the condition of frequency deviation 1/1000 and phase deviation -1 radian, and fig. 2 (b) is on the condition of frequency deviation 2/1000 and phase deviation -1 radian.
(a) frequency offset 1/1000, phase offset -1rad (b) frequency offset 2/1000, phase offset -1rad
Figure2. the output of loop filter
The Parallel Loop Filter and NCO in the All-Digital Parallel Receiver Jin Li, Yijun Luo, Mao Tian Obviously, from fig. 2 (a) we know that, the acquisition time and phase error response performance of parallel LPF and NCO are better than that of serial LPF and NCO. Fig. 2 (b) shows that the DPLL is not convergent for serial LPF and NCO.
Simulation shows that, the tracking range is 1.6/1000 frequency offset for serial LPF and NCO, and the tracking range is 2.8/1000 frequency offset for parallel LPF and NCO.
The bit error rate (BER) performance simulation results are shown in fig. 3 along with the theoretical curve. The theoretical curve that we plot is the error probability of an ideal QPSK matched-filter receiver, which is given [17] by
is the bit signal-to-noise rate (SNR).
Figure3. BER performance simulation results
From fig. 3 we know that, the BER performance of the DPLL using parallel LPF and NCO is slightly better than that of the DPLL using serial LPF and NCO.
Conclusion
We have demonstrated the parallel LPF and NCO in Costas loop for carrier phase tracking. The Monte Carlo simulation results show that, the DPLL and BER performance of parallel LPF and NCO are better than that of serial LPF and NCO.
For the other carrier phase tracking loops of the PSK and QAM demodulation receivers, since the LPF and NCO structures are same, then the parallel LPF and NCO can be used to improve the performance of corresponding parallel receivers. Besides, the parallel LPF can be also used in timing recovery of parallel receivers. 
References
